  ?
these are the biochemical pathways that we use to produce energy, our
standard four-letter DNA code, and how that code is read and translated into proteins. This tells us that every species goes back to a single
common ancestor, an ancestor who had those common traits and passed
them on to its descendants. But if evolution meant only gradual genetic
change within a species, we’d have only one species today—a single
highly evolved descendant of the ﬁrst species. Yet we have many: well
over ten million species inhabit our planet today, and we know of a
further quarter million as fossils. Life is diverse. How does this diversity
arise from one ancestral form? This requires the third idea of evolution:
that of splitting, or, more accurately, speciation.
Look at ﬁgure , which shows a sample evolutionary tree that illustrates the relationships between birds and reptiles. We’ve all seen these,
but let’s examine one a bit more closely to understand what it really

F I G U R E . An example showing common ancestors in reptiles. X and Y are species
that were the common ancestors between later-evolved forms.
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F I G U R E . A phylogeny (evolutionary tree) of vertebrates, showing how evolution
produces a heirarchical grouping of features, and thus of species containing these
features. The dots indicate where on the tree each trait arose.

Actually, the nested arrangement of life was recognized long before
Darwin. Starting with the Swedish botanist Carl Linnaeus in , biologists began classifying animals and plants, discovering that they consistently fell into what was called a “natural” classiﬁcation. Strikingly,
diﬀerent biologists came up with nearly identical groupings. This means
that these groupings are not subjective artifacts of a human need to
classify, but that they tell us something real and fundamental about
nature. But nobody knew what that something was until Darwin came
along, and showed that the nested arrangement of life is precisely what
evolution predicts. Creatures with recent common ancestors share many
traits, while those whose common ancestors lay in the distant past are
more dissimilar. The “natural” classiﬁcation is itself strong evidence for
evolution.
Why? Because we don’t see such a nested arrangement if we’re trying to arrange objects that haven’t arisen by an evolutionary process



F I G U R E . The fossil record showing ﬁrst appearance of various forms of life that
arose since the Earth formed , million years ago (MYA). Note that multicellular
life originated and diversiﬁed only in the last % of life’s history. Groups appear on
the scene in an orderly evolutionary fashion, with many arising after known fossil
transitions from ancestors. The sequence shown, along with the transitional forms,
disproves creationist claims that all forms of life arose not only suddenly, but also at
the same time.



   
Very small marine organisms, such as plankton, are ideal for this.
There are billions of them, many of them have hard parts, and they
conveniently fall directly to the sea ﬂoor after death, piling up in a
continuous sequence of layers. Sampling the layers in order is easy: you
can thrust a long tube into the sea ﬂoor, pull up a columnar core sample,
and read it (and date it) from bottom to top.
Tracing a single fossil species through the core, you can often see it
evolve. Figure  shows an example of evolution in a tiny, single-celled
marine protozoan that builds a spiral shell, creating more chambers as
it grows. These samples come from sections of a -meter-long core
taken from the ocean ﬂoor near New Zealand, representing about eight
million years of evolution. The ﬁgure shows change over time in one

F I G U R E . A record of fossils (preserved in a sea-ﬂoor core) showing evolutionary
change in the marine foraminiferan Globorotalia conoidea over an  million-year
period. The scale gives the number of chambers in the ﬁnal whorl of the shell,
averaged among all individuals from each section of the core. (After Malmgren and
Kennett .)



   

F I G U R E . Evolutionary change of thorax size in the radiolarian Pseudocubus vema
over a period of two million years. Values are population averages from each section
of the core. (After Kellogg and Hays .)

trait: the number of chambers in the ﬁnal whorl of the shell. Here we see
fairly smooth and gradual change over time: individuals have about .
chambers per whorl at the beginning of the sequence and . at the end,
a decrease of about  percent.
Evolution, though gradual, need not always proceed smoothly, or at
an even pace. Figure  shows a more irregular pattern in another marine
microorganism, the radiolarian Pseudocubus vema. In this case geologists took regularly spaced samples from an -meter-long core extracted
near Antarctica, representing about two million years of sediments. The
trait measured was the width of the animal’s cylindrical base (its “thorax”). Although size increases by nearly  percent over time, the trend
is not smooth. There are periods in which size doesn’t change much,
interspersed with periods of more rapid change. This pattern is quite
common in fossils, and is completely understandable if the changes we



   

F I G U R E . Evolutionary change in the number of pygidial ribs (segments on the tail
section) of ﬁve groups of Ordovician trilobites. The number gives the population
average at each section of the three-million-year sample of shale. All ﬁve species—
and three others not shown—displayed a net increase in rib number over the period,
suggesting that natural selection was involved over the long term, but that the species
did not change in perfect parallel. (After Sheldon .)

mollusks, rodents, and primates. And there are also examples of species
that barely change over time. (Remember that evolutionary theory does
not state that all species must evolve!) But listing these cases wouldn’t
change my point: the fossil record gives no evidence for the creationist
prediction that all species appear suddenly and then remain unchanged.
Instead, forms of life appear in the record in evolutionary sequence, and
themselves evolve and split.



F I G U R E . Evolution and speciation in two species of the planktonic radiolarian
Eucyrtidium, taken from a sediment core spanning more than . million years. The
points represent the width of the fourth segment, shown as the average of each species
at each section of the core. In areas to the north of where this core was taken, an
ancestral population of E. calvertense became larger, gradually acquiring the name
E. matuyamai as it became larger. E. matuyamai then reinvaded the range of its
relative, as shown on the graph, and both species, now living in the same place, began
to diverge in body size. This divergence may have been the result of natural selection
acting to reduce competition for food between the two species. (After Kellogg and
Hayes .)



   

F I G U R E . Invasion of the land. A land-dwelling tetrapod (Acanthostega gunnari)
from Greenland, about  million years ago. An early lobe-ﬁnned ﬁsh
(Eusthenopteron foordi) from about  million years ago, and the transitional form,
Tiktaalik roseae, from Ellesmere Island, about  millon years ago. The intermediacy
of Tiktaalik’s body form is mirrored by the intermediacy of its limbs, which have a
bone structure in between that of the sturdy ﬁns of the lobe-ﬁnned ﬁsh and the even
sturdier walking limbs of the tetrapod. Shaded bones are those that will evolve into
the arm bones of modern mammals: the bone with darkest shading will become our
humerus, and the medium- and light-shaded bones will become the radius and ulna,
respectively.

The ﬁsh-like structures of early tetrapods include scales, limb bones, and
head bones (ﬁgure ).
How did early ﬁsh evolve to survive on land? This was the question
that interested—or rather obsessed—my Chicago colleague Neil Shubin.
Neil had spent years studying the evolution of limbs from ﬁns, and was
driven to understand the earliest stages of that evolution.
This is where the prediction comes in. If there were lobe-ﬁnned ﬁshes
but no terrestrial vertebrates  million years ago, and clearly terrestrial



F I G U R E . Skeletons of a modern bird (chicken), a transitional form
(Archaeopteryx), and a small, bipedal, carnivorous theropod dinosaur
(Compsognathus), similar to one of Archaeopteryx’s ancestors. Archeopteryx
has a few features like those of modern birds (feathers and an opposable big toe), but
its skeleton is very similar to that of the dinosaur, including teeth, a reptilian pelvis,
and a long bony tail. Archaeopteryx was about the size of a raven, Compsognathus
slightly larger.



F I G U R E  A . The feathered dinosaur Sinornithosaurus millenii, original fossil
(about  million years old) from China, and artist’s reconstruction. The fossil
clearly shows the impression of ﬁlamentous feathers, especially on the head and
forelimbs.



F I G U R E  B . The bizarre “four-winged” dinosaur Microraptor gui, which had long
feathers on both its fore- and hindlimbs. These feathers are clearly visible in the fossil,
dated about  million years ago. It’s not clear whether this animal could ﬂy or only
glide, but the rear “wings” almost certainly helped it land, as shown in the drawing.



   

Balaena

Dorudon

Rodhocetus

Ambulocetus

Pakicetus

Indohyus
F I G U R E . Transitional forms in the evolution of modern whales from the ancient
artiodactyl Indohyus (Balaena is the modern baleen whale, with a vestigial pelvis and
hindlimb, while the other forms are transitional fossils). Relative sizes of the animals
are shown in gray shading.



   

F I G U R E . Transitional insect: an early ant showing primitive features of wasps
(open triangles), its predicted ancestor, and derived features of ants (ﬁlled triangles).
A single specimen of this species, Sphecomyrma freyi, was found preserved in amber
dating from  million years ago.

with intermediate “mammal-like reptiles” that they are the subjects of
many books. Then there are the horses, a branching evolutionary bush
leading from a small, ﬁve-toed ancestor to the proud hoofed species
of today. And of course there is the human fossil record, described
in chapter —surely the best example of an evolutionary prediction
fulﬁlled.
At the risk of overkill, I’ll brieﬂy mention a few more important transitional forms. The ﬁrst is an insect. From anatomical similarities, entomologists had long supposed that ants evolved from nonsocial wasps.
In , E. O. Wilson and his colleagues found a “transitional” ant, preserved in amber, bearing almost exactly the combination of ant-like and
wasp-like features that entomologists had predicted (ﬁgure ).
Similarly, snakes have long been supposed to have evolved from
lizard-like reptiles that lost their legs, since reptiles with legs appear in
the fossil record well before snakes. In , paleontologists digging in
Patagonia found a fossil of the earliest known snake, ninety million years
old. Just as predicted, it had a small pelvic girdle and reduced hind legs.
And perhaps the most thrilling ﬁnd of all is a -million-year-old fossil
from China called Haikouella lanceolata, resembling a small eel with a
frilly dorsal ﬁn. But it also had a head, brain, heart, and cartilaginous
bar along the back—the notochord. This marks it as perhaps the earliest
chordate, the group that gave rise to all vertebrates, including ourselves.
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F I G U R E . Branchial arches of a shark embryo (top left) and a human embryo
(bottom left). In sharks and ﬁsh (such as the basking shark Cetorhinus maximus
shown at top right), the arches develop directly into the adult gill structures, while
in the human (and other mammals) they develop into diverse structures in the adult
head and upper body.

the embryo near its future head. These pouches are called the branchial
arches, but we’ll call them “arches” for short (ﬁgure ). Each arch contains tissues that develop into nerves, blood vessels, muscles, and bone or
cartilage. As ﬁsh and shark embryos develop, the ﬁrst arch becomes the
jaw and the rest become gill structures: the clefts between the pouches



F I G U R E . The blood vessels of embryonic humans start out resembling those of an
embryonic ﬁsh, with a top and bottom vessel connected by parallel vessels, one on
each side (“aortic arches”). In ﬁsh, these side vessels carry blood to and from the gills.
Embryonic and adult ﬁsh have six pairs of arches; this is the basic ground plan that
appears at the beginning of development of all vertebrates. In the human embryo,
the ﬁrst, second, and ﬁfth arches form brieﬂy at the beginning of development, but
disappear by  weeks of age, when the third, fourth, and sixth arches (distinguished
by diﬀerent shades of gray) form. By  weeks, the embryonic arches have rearranged
themselves, looking much like the embryonic vessels of a reptile. In the ﬁnal, adult
conﬁguration, the vessels are rearranged still more, with some having vanished or
transformed themselves into diﬀerent vessels. The aortic arches of ﬁsh undergo no
such transformation.



F I G U R E . The circuitous path of the left recurrent laryngeal nerve in humans is
evidence for their evolution from a ﬁshlike ancestor. In ﬁsh, the sixth branchial arch,
which later becomes a gill, is served by the sixth aortic arch. The fourth branch of the
vagus nerve runs behind this arch. These structures remain part of the gill apparatus
in adult ﬁsh, innervating and bringing blood from the gills. In mammals, however,
part of the branchial arch evolved into the larynx. The larynx and its nerve remained
connected during this process, but the sixth aortic arch on the left side of the body
moved down into the chest to become a nonfunctional remnant, the ligamentum
arteriosum. Because the nerve remained behind this arch but still remained connected
to a structure in the neck, it was forced to evolve a pathway that travels down into
the chest, loops around the aorta and the remnants of the sixth aortic arch, and then
travels back up to the larynx. The indirect path of this nerve does not reﬂect intelligent
design, but can be understood only as the product of our evolution from ancestors
having very diﬀerent bodies.



   

F I G U R E . Convergent evolution of mammals. Marsupial anteaters, small gliders,
and moles evolved in Australia, independent of their placental-mammal equivalents
in the Americas, yet their forms are remarkably similar.



   

F I G U R E . Continental drift explains the evolutionary biogeography of the ancient
tree Glossopteris. Top: the present-day distribution of Glossopteris fossils (shaded) is
broken up into pieces distributed among the continents, making it hard to understand. The patterns of glacial scratches in the rocks are likewise mysterious (arrows).
Bottom: the distribution of Glossopteris during the Permian, when the continents
were joined in a supercontinent. This pattern makes sense because the trees surrounded the Permian south pole in an area of temperate climate. And the glacial
scratches we see today also make sense, as they all pointed away from the Permian
south pole.



   

F I G U R E . An adaptive radiation: some related species of Hawaiian honeycreepers
that evolved after their ﬁnchlike ancestor colonized the islands. Each ﬁnch has a bill
that enables it to use diﬀerent food. The ‘i’iwi’s slender bill helps it sip nectar from
long tubular ﬂowers, the ‘akepa has a slightly crossed bill that allows it to pry open
buds to search for insects and spiders, the Maui parrotbill has a massive bill for prying
up bark and splitting twigs to ﬁnd beetle larvae, and the palila’s short but strong bill
helps it open seed pods and extract the seeds.

the group that I study—fruit ﬂies of the genus Drosophila—is positively
luxuriant. Although the Hawaiian Islands make up only . percent
of Earth’s land, they contain nearly half of the world’s , species of
Drosophila. And then there are the remarkable radiations of plants in the
sunﬂower family on Juan Fernández and St. Helena, some of which have
become small woody trees. Only on oceanic islands can small ﬂowering
plants, freed from competition with larger shrubs and trees, evolve into
trees themselves.
So far we’ve learned two sets of facts about oceanic islands: they are
missing many groups of species that live on continents and continental
islands, and yet the groups that are found on oceanic islands are replete
with many similar species. Together these observations show that, compared to other areas of the world, life on oceanic islands is unbalanced.
Any theory of biogeography worth its salt has to explain this contrast.



   
But there’s something more here too. Take a look at the following
list of the groups that are often native to oceanic islands and those that
are usually missing (Juan Fernández is just one group of islands that
conforms to the list):
Native

Missing

Plants
Birds
Insects and other
arthropods (e.g., spiders)

Land mammals
Reptiles
Amphibians
Freshwater ﬁsh

What’s the diﬀerence between the two columns? A moment’s thought
gives the answer. Species in the ﬁrst column can colonize an oceanic
island through long-distance dispersal; species in the second column
lack this ability. Birds are capable of ﬂying great distances over the sea,
carrying with them not only their own eggs but also seeds of plants
they’ve eaten (which can germinate from their droppings), parasites in
their feathers, and small organisms sticking to mud on their feet. Plants
can get to islands as seeds, ﬂoating across expanses of sea. Seeds with
barbs or sticky coverings can hitchhike to islands on the feathers of
birds. The light spores of ferns, fungi, and mosses can be carried huge
distances by the wind. Insects, too, can ﬂy to islands or be taken by
winds.
In contrast, animals in the second column have great diﬃculty crossing expanses of sea. Land mammals and reptiles are heavy and can’t swim
very far. And most amphibians and freshwater ﬁsh simply can’t survive
in saltwater.
So the kinds of species that we ﬁnd on oceanic islands are precisely
those that can arrive across the sea from distant lands. But what is the
evidence that they do so? Every ornithologist knows of occasional “visitor” birds found thousands of miles from their normal habitat, the victim
of winds or faulty navigation. Some birds have even established breeding
colonies on oceanic islands in historical time. The purple gallinule, long



   

F I G U R E . Examples of sexual dimorphisms, showing marked diﬀerences in the
appearance of males and females. Top: the swordtail (Xiphophorus helleri); middle:
King of Saxony Bird of Paradise (Pteridophora alberti), whose males have elaborate
head ornaments that are sky blue on one side and brown on the other; bottom:
the stag beetle Aegus formosae.
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. Fifteen hominin species, the periods over which they occur as fossils, and the nature of their brain, teeth, and locomotion.
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F I G U R E . Skulls of modern humans (Homo sapiens), earlier hominins, and a chimpanzee (Pan troglodytes).



   

F I G U R E . The attachment of the femur (long leg bone) to the pelvis in modern
humans, chimps, and Australopithecus afarensis. The pelvis of A. afarensis is intermediate to the other two, but its inward-pointing femur—a sign of upright walking—
resembles that of humans and contrasts with the splayed femur of the knucklewalking chimp.

The Laetoli footprints are virtually identical to those made by modern
humans walking on soft ground. And the feet were almost certainly
from Lucy’s kin: the tracks are the right size, and the trail dates from
around . million years ago, a time when A. afarensis was the only
hominin of record. What we have here is that rarest of ﬁnds—fossilized
human behavior. One of the tracks is larger than the other, so they were
probably made by a male and female (other afarensis fossils have shown
sexual dimorphism in size). The female’s footprints seem a bit deeper on



   

F I G U R E . The skeletons and dental arcades of modern Homo sapiens, Australopithecus afarensis (“Lucy”), and a chimpanzee. While chimps are not the ancestors
of the human lineage, they probably resemble the common ancestor more than do
humans. In many respects A. afarensis is intermediate between the apelike and human
morphology.



